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($4) SKSE APPLY,NG 0?TIMAL SEEK,NG "CHNIQUE TO DISK FILE WITH EXCESSIVE REPEATABLE 

(57) Abstract 



A method for applying an op- 
timal seeking technique to a disk file 
with excessive repeatable runout in- 
cludes a method of modifying a con- 
trol signal (u e (k)) provided by a con- 
troller (16) for controlling a rotary 
actuator arm (12) of a disk drive. 
The control signal (u e (k)) is modi- 
fied during track seeking by adding a 
runout state (x t (k)) that is calculated 
each time a servo sector of a target 
data track on a surface of a disk is 
sampled by read/write heads carried 
by the actuator arm by a runout com- 
pensator (18). The modified control 
signal (u p (k)) is provided to the ac- 
tuator (12) for positioning the head 
to a desired track. A calibration al- 
gorithm can be used during track 
following to determine runout mag- 
nitude and runout phase at various 
preselected calibration tracks on the 
surface of the disk. A seeking algo- 
rithm can be implemented to com- 
pensate for the relative runout mag- 
nitude and phase variation between 
calibration and target tracks. 
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DESCRIPTION 

METHOD FOR APPLYING OPTIMAL SEEKING TECHNIQUE TO DISK 
FILE WITH EXCESSIVE REPEATABLE RUNOUT 

CROSS-RRFERENCE TO RELATFD A PPLICATION 
This application is a continuation-in-part of 
application Serial No. 08/615,076, filed March 13, 1996. 

BACKGROUND OF THR TN VEMTTOM 
Field of the In vention 

The present invention pertains to the field of 
disk drives, and more particularly to a method for ap- 
plying an adaptive seeking algorithm to a removable 
cartridge disk file with excessive repeatable runout. 
Background 

In a removable cartridge disk drive, the 
read/write heads, or transducers, of the drive must 
float directly above the centerline of any dar* track 
being accessed on the surface of the disk contained in 
the cartridge. Mechanical imperfections and geometric 
constraints cause the transducers to stray from track, 
center, giving rise to a phenomenon known in the indus- 
try as repetitive runout. Repetitive runout occurs for 
several reasons, including repeatable bearing runout, 
imbalance between the rotating hub assembly and the 
disk, and disk clamping errors. Disk clamping errors, 
for example, are specific to removable media disk 
drives . 

Imperfections such as the above create a vari- 
ance between the center of the hub on which the disk 
sits and the center of rotation of the disk. This gives 
rise to a repeatable tracking error at the rotational 
frequency. Additionally, in a disk drive with a rotary 
actuator arm, the repeatable runout magnitude and phase 
vary with the position of the actuator arm. Further, 
repeatable runout can be time variant because the afore- 
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mentioned imbalances can change or the disk can slip 
during normal operation. 

Conventional disk drives use digital servos 
with high bandwidths to compensate for repetitive run- 
5 out. This is effective for runout on the order of a 
fraction of a track. However, removable cartridge disk 
drives generally experience runout approaching several 
tracks. This is known as excessive repeatable . runout . 
The conventional servo canno: compensate for excessive 
10 repeatable runout without: sacrificing seeking perfor- 
mance . 

A least mean square technique has been used tc 
adjust tap weights for every servo sample based on the 
measured position signal. The method requires sine and 
15 cosine functions for tap weight adjustment and feed 

forward control signal calculation. Approximately one 
revolution of the disk is required for the tap weights 
to be adapted to the correct values for minimizing 
tracking error so that the drive can perform read/write 
20 operations. However, the runout adaptation time in- 
creases the settling time, causing access time to dou- 
ble. Moreover, the method alleviates track following 
error only; it ignores track seeking performance. 

Another known technique is to use discrete 
25 Fourier transforms (DFTs) to identify the magnitude and 
phase of the repeatable runout. During calibration the 
microprocessor collects the position-error-signal data 
for several revolutions. The DFT calculation is then 
performed and the results are used to form the repeat - 
30 able runout correction signal, which is stored for sub- 
sequent use during normal operations. The DFT procedure 
can be repeated continuously while the drive is track 
following and not engaged in read/write functions. The 
disadvantage of this technique is that it is slow, re- 
35 quiring several revolutions to derive the repeatable 

runout correction signal. The technique is also calcu- 
lation intensive. A typical disk drive with sixty serve 
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sectors per revolution requires 120 multipliers and 119 
adders to generate the DFT results from one revolution 
of the position-error-signal data. This mandates that 
an expensive microprocessor be used- -an inadequate soli-- 
5 tion in the competitive disk, drive industry. 

Alternatively, a slower microprocessor could 
be used with the DFT calculation performed only at se- 
lected tracks,- the DFT results would then be used tc 
form the feed forward signal during normal operation. 
10 This technique would compensate for runout error depend- 
ent on the actuator position. However, the time-variant 
runout could not be addressed because the DFT would be 
based on prior runout information. 

Another known method increases the typical 
15 disk drive state estimator from a third-order to a 

fifth-order model, which includes not only head posi- 
tion, head velocity, and bias torque, but also first and 
second runout states. The fifth-order state estimator 
can be used in either a hybrid runout compensator tech- 
20 nique or a real time state space technique. In the 
hybrid technique, the fifth-order estimator is used 
during calibration to obtain runout correction values, 
which are stored in random access memory to be used in 
subsequent read/write operations. Because the fifth- 
25 order estimator is not used during normal operation, the 
dynamic can be selected to be relatively slow to avoid 
undue sensitivity of the estimator's performance due to 
the uncertainty in the measured position. The hybrid 
technique is less calculation- intensive than the DFT 
30 method, but it too is slow and unadaptive. 

The real time state space technique is adap- 
tive, but the fifth-order state estimator model is 
highly sensitive , to noise. As the head moves- across the 
track boundary during seeking, the error in the measured 
35 position can approach one-half of the track width- -typi- 
cally higher than the runout magnitude without correc- 
tion. At least one-half of a revolution would have to 
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take place before the runout magnitude and phase could 
be compensated for. 

Another disadvantage of a fifth-order estima- 
tor is that the model attempts t- estimate the unknown 
5 runout and bias torque simultaneously, using only one 
input: the estimator error. This disadvantage can be 
overcome by choosing fast estimator poles for estimated 
position, velocity, and first and second runout states, 
but using a slower estimator pole for the estimated bias 
10 torque. However, such a design is inappropriate for the 
typical disk drive servo, which must perform well under 
a wide variety of conditions. For example, if the actu- 
ator bearing were to hit a small particle during arrival 
at the target track, the transient response - -which is 
15 dominated by the bias estimator pole- -would be too slow. 

Another disadvantage of a fifth-order estima- 
tor model is that the extra calculation required (as 
compared to a conventional third-order model) generates 
more quantization error and reduces system throughput. 
This would be problematic in the disk drive industry 
because the typical low-cost disk drive uses only one 
microprocessor to process both servo and interface con- 
troller codes. 

Based on the foregoing, there is a need for a 
25 method of calibration and seeking that (1) modifies the 
control signal during seeking, (2i determines the runout 
magnitude and phase at various tracks, and (3) compen- 
sates for the relative magnitude and phase variations 
between the originated and target tracks. 



20 



0 SUMMARY OF THE TMVP^ TT n N 

The present invention is directed to a cali- 
bration and seeking method that (1) modifies the control 
signal during seeking, (2) determines the runout magni- 
tude and phase at various tracks, and (3) compensates 

5 for the relative magnitude and phase variations between 
the originated and target tracks. To these ends, a 
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method for applying an optimal seeking technique to a 
disk file with excessive repeatable runout during servo 
seeking of a target data crack by a read/write head of a 
disk drive includes the steps of continually calculating 
a runout state of the target data track and using the 
calculated runout state to modify a servo control sianal 
to compensate for runout error. 

In a separate aspect of the invention, runout 
magnitude and runout phase are determined at va>-iou, 
preselected data tracks. Advantageously. ranout ma ' gni , 
tude and runout phase are then determined at the targe" 
data track by interpolation. Preferably, compensate/ 
can be made for relative variation between the runout" 
magnitude and phase at preselected tracks and the runout 
magnitude and phase at the target track. Other fea 
tares, aspects, and advantages of the present inversion 
will become better understood with reference co the 
following description and accompanying drawings. 

BRIEF PBSrpTPTTnM nr TH = : qr awtm^c 
Fig- 1 is a sim P lif ied block diagram of a 
servo seeking system. 

Fig- 2 is a partial plan view of a rotary 
actuator arm of a disk drive. 

Fig " 3 13 a block diagram of a continuous 
25 state estimator model. 

Fig. 4 is a block diagram of the continuous 
state estimator model of Fig. 3 using a controller that 
is fed back into the estimator model. 

, n . u e FiS - 5 iS 9 fl ° W chart of a calibration algo- 
30 rithm for determining runout magnitude. 

Fig. 6 is a flow chart of a calibration algo- 
rithm for determining runout phase. 



Turni "9 « detail to the drawings, Fig. i 
35 illustrates a simplified block diagram of a servo seek- 
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ing system 10 within a disk drive for a disk file with 
repeatable runout <RRO) that is constant across the 
surface of the disk. The voice-coil motor (VCM) actua- 
tor block 12 of Fig. 1 is known in the art. A power 
5 amplifier control signal u r (k) is fed into the VCM actua- 
tor block 12. A digital-to-analog converter circuit 
inside the VCM actuator block 12 converts the control 
signal u r (k) to an analog signal which is applied to a 

power amplifier inside the VCM actuator block 12 to 
10 generate a current to control the VCM. The VCM then 

generates a mechanical torque to rotate an actuator arm 
within the disk drive. 

As shown in Fig. 2, which depicts a partial 
plan view of a disk drive 20 f the actuator arm 22 car- 
15 ries a read/write head 24, or transducer, over a surface 
of the disk 26 to a concentric target data track 26 on 
the surface of the disk 26 to carry out read/write oper- 
ations. With reference to Fig. 1, the VCM actuator 
block 10 generates a position output y(k) specifying the 

20 position of the read/write head relative to the center- 
line of the target data track. The position y(kj is a 

combination of a digital grey code track number and a 
fraction of the track provided by a position error sig- 
nal (PES) of an analog- to-digital converter circuit 

25 (A/D) (not shown) . 

The estimator block 14 of Fig. 1 is a mathe- 
matical model of the VCM actuator block 12. It is known 
in the art to employ a third-order continuous (analog) 
state estimator model, such as the model shown in Fig. 

30 3. In Fig. 3, K y represents overall actuator gain. The 

actuator gain ft, includes the gain scale factor of the 

digital-to-analog converter circuit (D/A) , the power 
amplifier gain, the VCM torque constant, the VCM iner- 
tia, and the radius distance from the rotary actuator 
35 arm pivot point to the read/write head. The " +" symbol 
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denotes summation of the input signals. The »j/ s « sym- 
bol is a Laplace transform symbol denoting integration 
of the mpu: signal. 

The three variables comprising the state are 
defined as follows: is the estimated positxon 

>'..; .v, is the estimated velocity; and S:. ( is the estimated 

bias torque, a constant, due to friction. The symbol u 
denotes the power amplifier control signal used <r the " 
estimator 14. Differentiating the state variables wi- h 
respect to time yields the following continuous state 
estimator dynamic equations: 



f!ii - 

dz 

- - K .v. *K n 



In vector form dz 
the three equa- 
ls tions can be written as one: 
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Alternatively, X. = F^X. + G..u., 

and y, = H n X^ where H e = |l 0 0 |. (1) 

It is also known in the art to convert the 
continuous state estimator model of Fig. 3 to a discrete 
5 (digital) state estimator model for microprocessor im- 
plementation. Allowing for computation delay (which is 
defined as the time between the PES becoming available 
at the A/D input and the control signal becoming avail- 
able at the D/A output), the discrete version of the 
10 model described by equation (1) is given by equation 
(2) . Thus, 

X^ (k + 1 ) =tf>. ? X.. (k) +r.U. (k) 

(2) 

Y. : (k) =H.,A\. Ik) 

A\., <t\., !\, and H„ are matrices with dimensions 4x1, 4x4, 

15 4x1, and 1x4, respectively. The calculation of </l and /".. 

based on the continuous model given in equation (1) is 
known in the art. Equation (2) mathematically predicts 
the three states (position, velocity, and bias) of the 
next servo sample k + 1 for each serve sample k. The 

20 prediction is based on the estimated states and control 
signal of the present servo sample k. Equation (2) is 
modified by including a correction factor based on the 
measured position y, also denoted :< x . The result, given 
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in equations (3) and (4), is an estimate of the states 
at servo sample k ♦ 1 that is based on the sum of a 
mathematical prediction of the states at k + 1 and an 
error-correction component. 



Xlk + 1 ) -<?. X { .': ! *p u { k 



X{k) is a 4x1 vector with 



(3) 



(4) 



10 components x Ik). ~ tk^ ~ < >.\ 



Similarly, .V { k ) has components 



and V *- 15 . The error-correction component includes a 

design constant with dimensions 4x1. denoted L, which 

approximates estimator gain. The components of the 
5 vector L are I . , 1,, ljt and 0 . 

. The controller block 16. of- Fig. i is also 
known. A model for the controller block 16 is shown in 
Fig. 4. The model uses the estimated position, esti- 
mated velocity, and estimated bias to form the estimated 
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control signal u... The velocity trajectory f(x), veloc- 
ity feedback k : , bias feedback k., and delay feedback k. t 

are selected according to conventional design methods. 
Thus, 

u^(k: =-k : lf <:<, (k) ) -.\\ { k) ) -;:,>:,■:;:) -kyj.ik-l) (5) 

With reference once again to Fig. 1, the run- 
out compensator block 18 can be used during track seek- 
ing in a preferred embodiment of the invention. During 
seeking, the runout compensator block 18 functions as a 

10 free-running oscillator at runout frequency co. The 

runout compensator block 13 is described by the follow- 
ing equat ions : 

x, (k + 1) =X r (k) (6) 

( k + 1 ) = - x , (k } - :.tx : . i k ) { 7 ) 

15 a is a design constant that is a function of the runout 
frequency g> and the servo sampling time T. Namely, 

u=2cos(o)T) (8) 

The runout compensator block 18 of Fig. 1 generates an 
output signal x A (k) based on the runout state equations 

20 (6) and (7). The signal x t (k) is added to the control 

signal u,Jk) , as shown in Fig. 1, to compensate for 

runout in the position signal y(k). Thus, u r (k) = u,.fjcj 
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+ x, (k) 



(9 J 



The values of x (k) ^nH v /n 

and x -'*' must be initial- 

ized at the start of each seek to ensure that the Xjlk) 
generated by the runout compensator block la win have 
S the requisite magnitude and phase values to compensate 
for runout. The initUU«cto» is accomplished by using 
the measured position y(k! as -_, e input tQ ^ 

* qM:10nS ' " Sh ° W " in "t- >■ =<"i n o track foUowi„ 9 . 

This procedure yields t-he f„n„ 

y iQS cne following equations: 

10 ., 

<kTl ) = x . ( k) _ k; y (k) ^ 

-v,. <k+i)*x a (k) + a*, (k; - (ak :: +k : )y (k) 

Selection of the Doles k t- e 

poxes K : , anc ^. for DOCh continuous and 

discrete implantation is known xn the art. Thus, 



letting 

15 



m .=ak -k 

(12) 



yields the following equation 



During track following, equations MO) and 
(13) operate in closed-loop fashxon. As discussed 
20 above. y(k) is used co generate x, which ls fed lMo 

the power amplifier of the VCM acCuatQr ^ ^ ^ ^ 
I- This forces the VCM to track unknown runout. Dur ^ g 
track seeking, equations (6) -and (7, oper ate with i„< - " " 
cial conditions set at the end of the prior track fol- 
2S lowing. Thus, provided the runout is constant across 
the surface of the disk, Xj(k) will always have the 
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requisite compensatory magnitude and phase values such 
that y (k) will correspond to track centerline, or zero. 

In operation, assuming constant RRO across the 
surface of the disk, the microprocessor performs the 
5 following steps. First, the microprocessor synchronizes 
with the hardware by obtaining the measured position 
y(k). Second, the microprocessor forms the estimator 

error, which is the difference between the measured and 
estimated positions. Thus, 

10 esterr(k) = y(k) - 

Third, the microprocessor corrects the estimated posi- 
tion, estimated velocity, and estimated bias, using the 
estimator error and the estimator gains 1,, l. f and 2,.- 

Thus , 

! k ) =x t (/:) * 1 ,esterr ( /; ) 
<: t [ k) -x, [k] -i. esc err ( k) 
x ? ( k) =x 3 { k) -l^esterr { k) 

15 Fourth, as shown in Fig. 4, the microprocessor calcu- 
lates the estimator control signal u,.(k) based on the 

estimator position x x ik) , estimator 

velocity ,\,(A'), estimator bias x 3 (k), velocity feedback 
gain k. t , bias feedback gain k it and control delay gain 
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k..: 



u t ,(k; '-/c,(f(x,(*> ) -S 2 (k) I -k y K x {k) -k .ujk-l 



Fifth, the microprocessor adds the estimator control 
signal u,.(k) to the runout compensator signal x.(k) to 
5 obtain the power amplifier control signal u,.(k) . Sixth, 
the microprocessor sends u r (k) to a D/A converter cir- 
cuit. Seventh, the microprocessor uses the mathematical 
estimator model it^Tj, to estimate the position, veloc- 
ity, and bias for the next servo sample. Eighth, the 
10 microprocessor determines whether it is in the track 
seeking or track following mode. It is in the track 
following mode when y(k) is within one -half - track of the 
target track centerline. Otherwise, the microprocessor 
operates in the track seeking mode. In the track seek- 
15 ing mode, the following equations are executed: 

x, <k+l)=x v (k) 
x., (k + 1 ) = - x : (k ) + ax, (k) 

In the track following mo de, the following equations are 
executed instead: 

20 (k+l)=x r (k) -k,.y(k) 

x f (k+l)-- x jk) +ax,~(k) -m.y(k) 
If the disk drive employs a single micropro- 
cessor for both servo and interface controller func- 
tions, the microprocessor can execute the interface code 
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while waiting for the next servo sample. On the other 
hand, if a dual -microprocessor design is utilized, the 
servo processor can either be idle, to save power, or 
perform housekeeping tasks while waiting for the next 
5 servo sample. 

The above equations must be modified to com- 
pensate for RRO that varies with time or position on the 
surface of the disk. To this end a calibration is per- 
formed during track following at various idle times such 
10 as power up, cartridge insertion, and periodic moments 
when the disk drive is not engaged in read/write opera- 
tions. In a preferred embodiment, the surface of the 
disk is divided into ten concentric zones. The servo 
therefore track follows at eleven preselected boundary 
15 tracks, using the runout state .v, to determine the runout 
magnitude and the runout phase. Calibration at each 
preselected track takes approximately sixty- four milli- 
seconds; thus, the entire calibration process takes 
about one second. In a preferred embodiment, the signal 
20 x„ is a sinusoidal waveform with a frequency of sixty 
hertz, corresponding to 3600 disk revolutions per min- 
ute. During normal operation, the servo code at the 
beginning of a track seek interpolates between the run- 
out magnitude and phase at present and target tracks to 
2 5 adjust x.. and x„ accordingly. 

Figure 5 shows a flow chart for a calibration 
algorithm that determines the runout magnitude at each 
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preselected track i. The servo crack follows at each 
preselected calibration track i and executes the previ- 
ously described runout state calculations. Two peak 
values j of the runout state *, are detected and averaged 
5 to determine the runout magnitude. The preferred servo 
system uses sixty servo sectors (sailing locations on a 
given data track) n per revolution of Lhe disk. As 

shown in Fie 5 one npal- i «=• • ■ 

a- one peak is obtair.ea within each thirty 

servo sectors, so n is reset to 2ero each time it 
10 reaches thirty; otherwise, „ corresponds to k , the num- 
ber of samples. One revolution of the disk is required 
for calibration at each track i. The eleven runout 

magnitude values are stored for use during normal opera- 

t ions . 

15 The functio " ot each block depicted m the 

flow chart of Fig. 5 is discussed m greater detail for 
a preferred embodiment. m the block designated 3C, the 
servo system prepares to perform a given servo sample k. 
in block 32 the servo maintains the read/write heads at 
20 one of the eleven preselected boundary .racks i. while 
the servo track follows, the previously described runout 
state calculations are executed. The servo then deter- 
mines m block 34 whether magnitude calibration is m 
Progress. If magnitude calibration is not m prooress, 
25 the servo begins magnitude calibration by initializing 
the variables n, j, peak , and rro _ mag(i) ^ ^ ^ 
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shown in block 36 . The variable n corresponds co the 

number of servo samples performed en route to obtaining 
a peak value, designated peak, of the runout state xjk). 

As discussed above, thirty samples n are necessary to 

5 obtain the peak value, and two peak values are obtained 
so that an average can be taken. Thus, j, which records 

the number of peak values obtained, can have a value of 
zero, one. or two. The variable rrc__mag { i) denotes the 

runout magnitude at preselected calibration track i. 

10 In block 38 of Fig. 5, the absolute value of 

the runout state x.(k) is compared to peak. If the 

absolute value of the runout state x,{k) is not greater 

than peak, n is incremented by one as shown in block ;i. 

Otherwise, peak is first sec equal to the absolute value 

15 of the runout state x_,(k) as shown in block 40. In block 

44 the servo determines whether n is thirty. If n is 

thirty, one peak value has been obtained, and the servo 
reinitializes n and peak to zero, increments j by one, 

and increments rrojmag ( i) by one -half of peak as shown 

20 in block 46. Then, or if n is less than thirty, the 

servo determines in block 48 whether j is two. If j is 

not yet two, then two peak values have not yet been 
obtained, so the servo increments k by one, as shown in 

block 52, and waits for the next servo sample k t as 
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shown in block 54. Otherwise (i.e., if j is two), the 
servo first sets a flag to indicate that runout magni- 
tude calibration at track i has been completed, as shown 
in block 50. and then proceeds to the task of block 52. 
5 Figure 6 shows a flow chart for a calibration 

algorithm that determines the runout phase at each pre- 
selected track i. During track following at each prese- 
lected calibration track i, the servo detects a servo 
sector number s, referenced from an index servo sector s 
10 = i, at which the x,, signal has a magnitude of zero and a 
positive slope. This process is repeated during a sec- 
ond revolution to detect an additional crossover point. 
The runout phase is determined by averaging the two 
crossover points. Thus, the phase calibration requires 
15 two revolutions to complete. The number of samples k 
goes up to 120 in Fig. 6, while s, which otherwise cor- 
responds to k, is reset to one each time s reaches 
sixty . 

The function of each block depicted in the 
20 flow chart of Fig. 6 is discussed in greater detail for 
a preferred embodiment. In the block designated 56, the 
servo system prepares to perform a given servo sample k. 
In block 58 the servo maintains the read/write heads at 
one of the eleven preselected boundary tracks i. While 
25 the servo track follows, the previously described runout 
state calculations are executed. The servo then deter- 
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mines in block 60 whether phase calibration is in prog- 
ress. If phase calibration is not in progress, the 
servo initiates phase calibration by setting the vari- 
ables n and rro _jphase(i) equal to zero as shown in block 
5 62. The variable j corresponds to the number of servo 
sector points detected at which the runout signal x_(k) 

has a magnitude of zero and a positive slope. As dis- 
cussed above, the detected servo sector point is refer- 
enced from an index servo sector number s (which is 

10 initially set to one) , and sixty servo samples are re- 
quired to detect the first of two such servo sector 
points, the average of which is used to perform the 
runout phase calibration. Thus, j can have a value of 

zero, one, or two. The variable rro _jDhase ( i } denotes 

15 the runout phase at preselected calibration track i. 

In block 64 of Fig. 6, the servo system deter- 
mines whether the index s is sixty. If s is less than 

sixty, the servo increments s by one as shown ,in block 
66. If, on the other hand, s is sixty, the servo 
20 initializes s to one as shown in block 68. Next, the 
servo determines in block 70 whether the runout signal 
for the present sample, x t (k), is greater than the runout 

signal for the prior sample, x : (k-l). If the answer is 
no, the servo determines whether j is two as shown in 
25 block 76. If instead the answer is yes, the servo de- 
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cermines in block 72 whether the runout signal for the 
prior sample, xjk-l), has a negative value. If xjk-l) 
is positive or zero, the servo determines in block 76 
whether j is two. If, however, x , (k . 1} is nega tive, the 
5 servo increments j by one and increments rro_phase(i) by 
the value of s as shown in block 74. Then the servo 
asks if j is two as shown in block 76. At block 76, if 
3 is not yet two, then two crossover servo sector points 
have not yet been detected, so the servo increments k by 
0 one, as shown in block 80, and waits for the next servo 
sample k, as shown in block 32. Otherwise (i.e., if j 
is two), the servo first sets rro_phase(i} equal to the 
n^rest integer value of rro_phase < i } divided by two and 
sets a flag to indicate that runout phase calibration at 
crack i has been completed, as shown in block 62,- and 
then proceeds to the task of block 80. 

In a preferred embodiment, the difference 
between the runout magnitude and phase at a given target 
data track and the runout magnitude and phase at the 
present track is determined at the beginning of the 
seek. The values of *, and x, are then initialized 
accordingly. For runout magnitude variation, the values 
of Xj and x r used at the beginning of the seek are deter- 
mined by linear interpolation. Thus, the x, and x t 
values from the previous track following sample are 
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multiplied by the ratio of the target and present runout 
magnitudes. For phase variation, the servo code freezes 
the x } and x., values for a number of servo samples that 

is proportional to the amount of the phase variation. 
5 For example, for a phase lead of about thirty degrees, 
the microprocessor freezes and x t for the first five 

samples of the seek, commencing execution of the previ- 
ously discussed equations at sample number six. Simi- 
larly; for a thirty degree phase lag, the microprocessor 
10 inverses the av, and x\. values and freezes them for 

twenty-five (thirty minus five) samples at the beginning 
of the seek. 

In performing the above seeking algorithm, the 
microprocessor calculates the target -runout magnitude 

15 and phase using the calibrated values as discussed. The 
microprocessor then determines the zone in which the 
target track, or cylinder, resides. The microprocessor 
then linearly interpolates between the calibrated values 
at the beginning and the end of the zone to obtain the 

20 target values for runout magnitude and phase. Thus, 
targe t_mag - [(rro_mag(i + 1} - 

rro^mag (i) ) target_cyl] /N, and target jphase = 

lirro _phase(i + 1) - rro _jphase ( i )) targe t_cyl] /N, where: 

carget_cyl denotes target track, or cylinder; 

25 targetjmag denotes runout magnitude at the 

target cylinder; 
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rro__mag(i + l) denotes runou: magnitude at the 
end of the zone; 

rro_mag(i) denotes runout magnitude at the 
beginning of the zone; 
5 ' N denotes number of tracks within a zone ; 

target_j3hase denotes runout phase at the tar- 
get cylinder; 

rro__phase (i + l) denotes runout phase at the 
end of the zone; and 
10 rrojphase (i) denotes runout phase at the be- 

ginning of the zone. 

The microprocessor then adjusts x, and x\, based on the 
runout magnitude variation. Thus, 

x,(k) = x. 3 (k) [cargec_mag/present_mag] , and 
15 x r . (k) = x„ (k) [ target _mag/ present jnag] . 

The microprocessor also calculates the phase variation 
phase_var based on the present and target phases. Thus, 
phase_var = target _phase - present _phase ( where 
present_mag and present _phase are the runout magnitude 
20 and phase at the present track, as determined at the 
beginning of the previous seek. When the next servo 
sample arrives, the microprocessor starts performing the 
eight steps previously discussed. However, the micro- 
processor begins executing the runout state equations 
25 only after a number of samples necessary to compensate 
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for the runout phase variation have taken place. 

Thus, a method for applying an optimal seeking 
technique to a disk file with excessive repeatable run- 
out is disclosed which (1) modifies the control signal 
5 during seeking, (2) determines the runout magnitude and 
phase at various tracks, and (3) compensates for the 
relative magnitude and phase variations between the 
originated and target tracks. While preferred embodi- 
ments have been shown and described, it will be apparent 
10 to one of ordinary skill in the art that numerous alter- 
ations may be made without departing from the spirit or 
scope of the invention. Therefore, the invention is not 
to be limited except in accordance with the following 
claims . 
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■ WHAT IS CLAIMED IS: 

1. A method for compensating for excessive 
repeatable runout error during servo seeking of a target 
data track by a read/write head, the read/write head 
carried by a rotary actuator arm driven by a voice-coil 
motor of a disk drive, the target data track residing on 
a surface of a disk contained in a removable cartridge 
housed within the disk drive, the method comprising the 
steps of: 

calculating a runout state of the target 
data track with each servo sample; and 

modifying a control signal sent to the 
voice-coil motor with the target runout state to compen- 
sate for the runout error. 

2. The method of claim l, wherein said modi- 
fying step is accomplished by using a sinusoidal .signal 
derived each servo sample from a measured position of 
the read/write heads relative to track cencerline. 

3. The method of claim 2, wherein the sinu- 
soidal signal has a frequency of sixty hertz. 



4. A method for compensating for excessive 
repeatable runout error during servo seeking of a target 
data track by a read/write head, the read/write head 
25 carried by a rotary actuator arm driven by a voice-coil 
motor of a disk drive, the target data track residing on 
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a surface of a disk contained in a removable cartridge 
housed within the disk drive, the method comprising the 
steps of : 

estimating a position of the read/write 
5 heads relative to the center of the target data track, 
and to estimate velocity of the read/write heads and 
bias on the read/write heads; 

obtaining a measured position of the 
read/write heads relative to the center of the target 
10 data track; 

calculating an estimator error equal to 
the difference between the measured position and the 
estimated position; 

correcting the estimated position and the 
15 estimated velocity and the estimated bias by using the 
estimator error and predetermined estimator gains; 

deriving an estimator control signal; ' 
deriving a sinusoidal signal from the 
measured position of the read/write heads relative to 
20 uhe center of the target data track; 

adding the estimator control signal to 
the sinusoidal signal to create a power amplifier signal 
which compensates for runout;, and 

sending the power amplifier signal to the 
25 voice-coil motor to adjust the rotary actuator arm ac- 
cordingly . 

5. The method of claim 1, further comprising 
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the seep of determining runout magnitude and runout 
phase at various preselected data tracks on the surface 
of the disk. 



10 v 



6. The method of claim 5, wherein said 
5 determining step is performed during track following. 

7. The method of claim 5, wherein the number 
of preselected data tracks is eleven. 

8. The method of claim 5, wherein said de- 
termining step comprises obtaining two peak absolute 

alues of the sinusoidal signal, averaging the values, 
and adding the average to the measured runout magnitude. 

9. The method of claim 5, wherein said de- 
termining step comprises detecting a first servo sector 
number at which the sinusoidal signal has zero amplitude 

15 and positive slope, detecting a second servo sector 

number at which the sinusoidal signal has zero amplitude 
and positive slope, and averaging the two detected servo 
sector numbers to determine the runout phase. 



20 



10. The method of claim 5, further comprising 
the steps of determining the -runout magnitude at the 
target data track and compensating for the relative 
variation between the runout magnitude at various prese- 
lected data tracks and the runout magnitude at the tar- 
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get data track. 

11. The method of claim 10, wherein said 
determining step comprises multiplying the sinusoidal 
signal by a ratio of the runout magnitude at the target 

5 track and the runout magnitude at a preselected track, 
the ratio involving values obtained during a previous 
target track seek, and wherein said compensating step is 
performed with linear interpolation. 

12. The method of claim 5, further comprising 
10 the steps of determining the runout phase at the target 

data track and compensating for the relative variation 
between the runout phase at various preselected data 
tracks and the runout phase at che rarget data track. 

13. The method of claim 12, wherein said ' 
15 determining step comprises freezing the sinusoidal sig- 
nal for a number of servo samples that is proportional 
to the determined amount of phase variation, and wherein 
said compensating step is performed wich linear interpo- 
lation. 

20 14 . A method for compensating for excessive 

repeatable runout error during servo seeking of a target 
data track by a read/write head, the read/write head 
carried by a rotary actuator arm driven by a voice-coil 
motor of a disk drive, the target data track residing on 



WO 97/45833 



PCT/US97/08638 



27 

a surface of a disk contained in a removable cartridge 
housed within the disk drive, the method comprising the 
steps of : 

estimating a position of the read/write 
5 heads relative to the center of the target data track, 
and to estimate velocity of the read/write heads and 
bias on the read/write heads; 

obtaining a measured position of the 
read/write heads relative to the center of the target 
10 data crack; 

calculating an estimator error equal to 
the difference between the measured position and the 
estimated position; 

correcting the estimated position and the 
15 estimated velocity and the estimated bias by using the 
estimator error and predetermined estimator gains; 

deriving an estimator control signal; 
deriving a sinusoidal signal from the 
measured position of the read/write heads relative to 
20 the center cf the target data track; 

adding the estimator control signal to 
the sinusoidal signal to create a power amplifier signal 
which compensates for runout; 

sending the power amplifier signal to the 
25 voice-coil motor to adjust the rotary actuator arm ac- 
cordingly; 

determining runout magnitude and runout 
phase at various preselected data tracks on the surface 
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of the disk; 

determining the runout magnitude at the 
target data track; 

compensating for the relative variation 
5 between the runout magnitude at the preselected data 
tracks and the runout magnitude at the target data 
track; 

determining the runout phase at the tar- 
get data track; and 
0 compensating for the relative variation 

between the runout phase at the preselected data tracks 
and the runout phase at the target data track. 



15. A method of compensating for excessive 
repeatable runout error during servo seeking of a target 

15 track by a read/write head, the read/write head carried 
by a rotary actuator arm driven by a voice-coil motor of 
a disk drive, the target data track residing on a sur- 
face of a disk contained in a cartridge housed within 
the disk drive, said method comprising the steps of: 

20 calculating a runout state of the target data track 

with each servo sample; and 

modifying a control signal sent to the voice-coil 
motor with the target runout state to compensate for the 
runout error. 
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